Cholangiocarcinoma (CCA) is one of the most common hepatic and biliary malignancies, accounting for about 3% of all gastrointestinal tumors. GATA5 is a transcription factor capable of suppressing the development of various human cancer types. Transcriptional inactivation and CpG island (CGI) methylation of GATA3 and GATA5, two members of the GATA family of transcription factors, have been observed in some human cancers. But whether high-density CGI methylation of GATA5 is associated with the clinical course of CCA patients has not been clarified. Herein, we observed reduced expression of GATA5 in CCA tissues compared with noncancerous tissues. Treatment with the demethylating agent 5-aza-2'-deoxycytidine restored GATA5 expression in CCA cell lines. Furthermore, GATA5 expression was downregulated after treatment with IL-6 in human intrahepatic biliary epithelial cells. Upregulated GATA5 inhibited CCA cell growth and metastasis. Mechanistically, GATA5 suppressed CCA cell growth and metastasis via Wnt/β-catenin pathway. Specific β-catenin inhibitor or siRNA abolished the discrepancy of the proliferation and metastasis capacity between GATA5-overexpression CCA cells and their control cells, which further confirmed that Wnt/β-catenin was required in GATA5-inhibited CCA cell growth and metastasis.
Introduction
Cholangiocarcinoma (CCA) is a prevalent bile duct malignancy with poor prognosis [1, 2] . According to the anatomic location, CCA is classified into three types: intrahepatic CCA, hilar CCA, and extrahepatic CCA [3] . The mean 5-year survival rate for CCA is estimated to be less than 5% if the cancer is detected in the late stage [4] . Surgical resection is the mainstay of treatment at present but with unsatisfactory outcomes due to high recurrence and metastasis [5, 6] . Therefore, clarification of the underlying mechanism and development of optional therapeutic targets for the sake of early detection and treatment are of great importance in reducing the disease-specific mortality.
The GATA gene family is composed of zinc finger transcription factors capable of binding to the GATA motif present in the promoters of certain genes [7] . GATA1, GATA2, and GATA3 are known to play important roles in cellular lineage determination [8] , while GATA4, GATA5, and GATA6 are believed to be involved in the development of endoderm-derived organs such as the heart and gut [9] . In early embryonic development, GATA5 helps produce sufficient cardiac muscle precursor cells to differentiate into the final myocardial cells. In addition, it regulates other genes necessary for successful heart development [10] . In adults, GATA5 regulates epithelial cell differentiation [11] . However, altered expression of GATA5 protein was reported to be associated with tumorigenesis in gastric and colon cancers, suggesting that GATA5 may function as a putative tumor suppressor gene [12, 13] .
Recent studies showed that aberrant DNA methylation is one of the most remarkable characteristics of malignant cells [14] . CpG island (CGI) is a genomic region containing a high frequency of cytosine-guanine sites. Its hypermethylation in gene promoters is believed to be an alternative mechanism underlying transcriptional
silencing of critical genes involved in carcinogenesis-related processes [15] . Hypermethylation of CpG sites in the promoter region of certain TSGs may worsen the prognosis and increase the tumor-node-metastasis stage and metastasis in CCA patients [16] .A previous study revealed that GATA5 expression was lost in ovarian and gastric cancers and that the chromosomal region of GATA5 (20q13.2-q13.3) locus was frequently deleted in various types of human cancer [17] . Additional studies showed that promoter methylation contributed to the loss of GATA5 expression during the progression of pancreatic, non-small cell lung, esophageal, and renal cancers, which in turn altered the typical expression patterns of numerous downstream gene networks with antineoplastic properties [18] [19] [20] . However, the function of GATA5 in CCA is poorly understood.
In this study, we identified GATA5 as a tumor suppressor that was epigenetically silenced in CCA tissues. In addition, GATA5 downregulation was associated with decreased survival time of CCA patients. We also characterized Wnt/β-catenin as the downstream pathway of GATA5. Our results highlight the important role of GATA5 in inhibiting the proliferation and metastasis of CCA.
Materials and Methods

Patients and Samples
Tissue samples were collected from 152 CCA patients admitted in the Department of Hepatobiliary surgery, Navy General Hospital (Beijing, China). The time between surgery and death was defined as overall survival, the time between surgery and recurrence was defined disease-free survival, and non-HCC-related death was scored as recurrence. If recurrence was not diagnosed, patients were censored on the date of the last follow-up. The procedure of human sample collection was approved by the Ethic Committee of Department of Hepatobiliary Surgery, Navy General Hospital.
Cell Lines and Cell Culture
TFK-1 and HuCCT-1 cells were cultured with Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 2 mM L-glutamine, and 25 μg/ml of gentamicin and maintained at 37°C in a 5% CO 2 incubator. Normal biliary epithelial cells (HIBEpic) were grown in RPMI 1640 (Gibco, Carlsbad, CA) medium supplemented with 10% FBS (Gibco, Carlsbad, CA) and 1% penicillin/streptomycin (Beijing Solarbio Science & Technology Co., Beijing, China) at 37°C and 5% CO 2 . The culture was dissociated with 0.5% trypsin and moved to a new six-well plate twice a week. The lentivector expressing GATA5 or control was generated as described previously [21] . TFK-1 or HuCCT1 GATA5 and their control stable cell lines were established using lentivirus infection.
Cell Migration Assays
For cell migration experiments, 2×10 5 cells were seeded into the upper chamber of a polycarbonate Transwell in serum-free DMEM. The lower chamber was added with DMEM containing 20% FBS as chemoattractant. The cells were incubated for 12 hours, and the chamber was fixed. Cell count is expressed as the average number of the cells in each field.
Cell Invasion Assays
For cell invasion experiments, 2×10
5 cells were seeded into the upper chamber of a polycarbonate Transwell in serum-free DMEM.
The lower chamber was added with DMEM containing 20% FBS as chemoattractant. The cells were incubated for 36 hours, and the chamber was fixed. Cell count is expressed as the average number of the cells in each field.
Real-Time Polymerase Chain Reaction (PCR)
The cell RNA was extracted by using Trizol reagent (Invitrogen, 15596-018) as described previously [22] . Total cDNAs were synthesized by ThermoScript RT-PCR system (Invitrogen, 11146-057). The GAT5 primer sequences were forward: 5′-TGCAGTCATCACAGACTTAC-3′, reverse: 5′-CACAGATT-CAGCTAGAACAA-3′.
Western Blotting Assays
The cells were collected with cell lysis buffer and then disposed as described previously [23] . Twenty protein micrograms of the cell extracts was subjected to Western Blot with one of the antibodies against GATA5, β-catenin, and GAPDH (Cell Signaling Technology, Danvers, MA).
Luciferase Reporter Assays
CCa cells were transfected with β-catenin promoter luciferase reporter in combination with the pRL-TK vector (Promega, E2241, Madison, WI) as an internal control. The dual luciferase assay kit was purchased from Promega (0000060417). The luciferase activities were determined using a luminometer (Wallac 1420 Victor 2 multilabel counter system) as described in previous studies [24] .
Transient Transfection of Small Interference RNA
CCA cells were seeded into a six-well plate until they reached 80% to 90% confluence. Transfection of si-β-catenin or its negative control was performed in each well in the absence of serum with small interfering RNA transfection reagent according to the manufacturer's instructions (Polyplus, Illkirch, France). The sequence of si-β-catenin is as follows: 5′-GUGCUAUCUGUCUGCUCUA-3′.
Statistical Analysis
All statistical analyses were performed using GraphPad Prism (GraphPad Software, Inc., La Jolla, CA). Statistical analysis was carried out using t test or Bonferroni multiple-comparisons test: *Pb.05. A P value less than .05 was considered statistically significant.
Results
The Expression of GATA5 Is Reduced in Human CCA Tissues
To explore the role of GATA5 in CCA progression, the expression of GATA5 in the human CCA tissues was detected. As shown in Figure 1A , GATA5 mRNA expression was markedly decreased in 77.5% CCA cases (31/40) compared with that in the paired nontumorous tissues, with higher GATA5 transcripts observed in 22.5% patients. Moreover, Western bolt assays also observed downregulation of GATA5 expression in the tumor tissues and upregulation in the surrounding normal tissues ( Figure 1B ). CCA patients always had a high rate of metastasis, and the metastatic focus was a prognostic factor of poor prognosis of the patients. As expected, GATA5 transcripts were observably increased in the metastatic foci compared with the primary CCA tissues, indicating that GATA5 played an important role in CCA metastasis ( Figure 1C) . According to the GATA5 mRNA level, the 80 CCA patients were equally divided into a "high-GATA5" group and a "low-GATA5" group. The survival time in "low-GATA5" group was shorter than that in "high-GATA5" group ( Figure 1, D and E) . Collectively, GATA5 could be a good prognostic factor for CCA patients.
GATA5 Gene Is Methylated in CCA
Knowing that aberrant hypermethylation of CGI in the 5′ regulatory region is a major cause of tumor suppressor silencing in cancer, TFK-1 and HuCCT1 cells with relative low levels of GATA5 expression were treated with different concentrations of DNA methyltransferase inhibitor 5-aza-2'-deoxycytidine (5-Aza-dC) to determine whether GATA5 downregulation was associated with DNA methylation in CCA. Treatment of CCA cells with 5-Aza-dC led to a dose-dependent restoration of both GATA5 mRNA and protein expressions, suggesting that there was a negative correlation between DNA methylation and GATA5 expression (Figure 2 ).
IL-6 Is Required for GATA5 Downregulation in CCA Cells
Knowing that chronic inflammatory stress in the biliary ducts may promote tumorigenesis by inducing aberrant DNA methylation in cultured cells and that IL-6 is a proinflammatory cytokine that mediates chronic inflammation and may play an important role in inflammation-driven CCA, we determined whether IL-6 was 
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involved in GATA5 downregulation in CCA cells. As expected, GATA5 expression was significantly decreased after treatment of human intrahepatic biliary epithelial cells (HIBEpic) with various concentrations of IL-6 ( Figure 3, A and B) . Moreover, IL-6-triggered GATA5 downregulation was reversed by the JAK2/STAT3 inhibitor AZD-1480 ( Figure 3, C and D) , suggesting that IL-6/STAT3 signaling could decrease GATA5 expression in HIBEpic.
Overexpression of GATA5 Suppresses CCA Cell Proliferation and Metastasis
To further elucidate the role of GATA5 in CCA cells growth and metastasis, we stably overexpressed GATA5 in TFK-1 and HuCCT-1 cells. Immunoblotting revealed that GATA5 was overexpressed in TFK-1 and HuCCT-1 cells ( Figure 4A ). As expected, GATA5 overexpression inhibited the proliferation of CCA cells markedly ( Figure 4 , B and C). In addition, GATA5 overexpression induced CCA cell apoptosis ( Figure 4D ). Moreover, Transwell assay showed that the migration ability was impaired in GATA5-overexpressed CCA cells ( Figure 4E) . Consistently, the invasion capacity was also destroyed in GATA5-overexpressed CCA cells ( Figure 4F ). Collectively, our results demonstrate that GATA5 suppressed the growth and metastatic potential of CCA cells.
GATA5 Inhibits CCA Cell Progression via Wnt/β-Catenin Cascades
Ample evidence shows that Wnt/β-catenin signaling plays a pivotal role in cell growth, metastasis, and apoptosis [25] . Our data showed that β-catenin molecule was apparently inactivated in both TFK-1 and HuCCT-1 GATA5 cells ( Figure 5A ). β-Catenin reporter assay further confirmed the effect of GATA5 on β-catenin activation ( Figure 5B ). More importantly, blockage of β-catenin by specific β-catenin inhibitor or siRNA diminished the distinct growth capacity between GATA5 overexpression CCA cells and control cells ( Figure 5 , C-E) and eliminated the discrepancy of metastasis between GATA5 overexpression CCA cells and control cells (Figure 5, F and G) , suggesting that GATA5 suppressed CCA cell progression by inhibiting Wnt/β-catenin signaling.
Discussion
Cholangiocarcinoma is a bile duct cancer composed of mutated epithelial cells originating in the bile ducts that drain bile from the liver into the small intestine [26] . CCA is a rapidly lethal cancer and is usually incurable unless the primary tumor and any metastasis are removed completely by surgery [27] . However, most CCA cases were detected in the advanced stage and therefore inoperable at the time of diagnosis [28] . One of the reasons for failure to detect CCA in the early stage is the lack of biomarkers to indicate the initiation and progression of the disease [29] , and therefore, it is urgent to identify novel biomarkers to improve early diagnosis and explore therapeutic targets for CCA patients [30] . In the present study, we for the first time identified that reduced expression of GATA5 correlated well with the poor prognosis of CCA patients, suggesting that GATA5 might be a novel prognostic biomarker for CCA patients.
GATA5 is a gene involved in cell and tissue differentiation and gastrointestinal development. Being a lineage-restricted transcription factor, GATA5 is usually expressed in the stem cell compartment in the gut and is upregulated when these cells undergo terminal differentiation [31] . Previous studies demonstrated that loss of GATA4 and GATA5 expression was due to gene promoter methylation in gastric, ovarian, lung, esophageal, and pancreatic cancers [32] . Nevertheless, the role of GATA5 in CCA remains unclear. In the current study, it was demonstrated that the methylation of GATA5 promoters was in accordance with previous studies. Consistently, we found that GATA5 gene overexpression suppressed CCA proliferation and metastasis in vitro.
It was hypothesized that chronic inflammatory stress in the biliary ducts may promote tumorigenesis by inducing aberrant DNA methylation in cultured cells. In the present study, we performed a systematic evaluation to verify the hypothesis for the sake of improving our current understanding about the molecular mechanisms operative in the biliary ducts, hoping that it could provide additional insights into the "epigenetic field effect," which is believed to play an important role in the genesis of certain human cancers [33] . To simulate a model of chronic inflammation, we used IL-6, an activator of the OSCC-associated STAT3 cascade, to simulate inflammation in a panel of CCA cell lines. Our data showed that GATA5 expression could be upregulated by IL6 stimulation in HIBEpic. Abnormal activation of Wnt/β-catenin signaling pathway was observed in most CCA cases and some neoplasia lesions [34] . This abnormal activation is believed to trigger or contribute to carcinogenesis by regulating the expression of large numbers of genes in tumor cells [35] . Although aberrant activation of Wnt/ β-catenin signaling is known to play an unequivocal role in numerous cancers, it is a tremendous challenge to identify effective Wnt inhibitors for clinical use in cancers [36] . It was found in this study that GATA5 played a negative role in CCA cells by inhibiting CCA proliferation and metastasis through deactivating Wnt/β-catenin signaling. In addition, these effects could be attenuated by specific β-catenin siRNA or inhibitor FH535.
Here, we first showed that GATA5 was downregulated in CCA tissues, which in turn inhibited the growth and metastasis of CCA cells, accompanied by dysregulation of Wnt/β-catenin signaling in vitro. These findings not only shed a new light on the mechanism of CCA progression but suggest a potential prognostic marker and a possible therapeutic target against CCA.
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